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This paper summarizes tixe modeling and control of hybrid squeeze film dampers 
(HSFDs) for active control of vibration of rotors exhibiting multiple modes. In a 
recent paper (El-Shafei and Hathout, 1994), it was shown that the automatically 
controlled HSFD based on feedback on rotor speed can be a very efficient device 
for active control of rotor vibration. It was shown that this closed-loop, on-off control 
strategy results in a much improved behavior of the rotor system. The previous 
investigation was performed on a Jeffcott rotor model. The model was simple and 
fluid inertia effects were not taken into consideration. In this paper, major strides 
were made in both the modeling of the rotor and the HSFD. Modal analysis was 
implemented in the dynamic analysis of the squeeze film damper supported rotor in 
a novel and unique manner of performing modal analysis on nonlinear rotor systems. 
This allowed the modeling of any number of modes using modal analysis and hence 
to verify the capability of the HSFD to control multiple modes. Also, fluid inertia 
forces were considered in our model for the HSFD due to their direct influence in 
changing the behavior of the damper (El-Shafei and Crandall, 1991). A complete 
mathematical model of this open-loop system is developed and is implemented on a 
digital computer. Finally, based on the feedback on speed, the closed-loop behavior 
was studied from both steady-state and transient points of view and showed an overall 
enhanced behavior for the rotor system. 
Introduction 
Active vibration control of rotors of aircraft jet engines, 
rocket turbopumps, and high speed compressors has been inves-
tigated for the last decade or so. Active vibration control is very 
efficient in wide speed ranges and is adaptable to changing 
operating conditions. Squeeze film dampers have been used 
successfully for nearly thirty years to passively damp rotating 
machinery, in particular aircraft engines, and have been shown 
to be very reliable (White, 1972; Gunter et al., 1977; and 
Holmes and Dogan, 1985). Therefore, it was natural to investi-
gate the possibihty of actively controlling rotor vibration using 
SFDs. 
Many efforts have been made in order to use the SFD as a 
device for actively controlling rotors. Burrows et al. (1983) 
investigated the possibility of controlling the pressure in a SFD 
as a means for controlling rotating machinery. Adams and Zah-
loul (1987) studied the control of rotors by controlling the 
pressure in hydrostatic SFDs. Mu et al. (1991) suggested an 
active SFD with a movable conical damper ring. El-Shafei 
(1991 and 1993) proposed using HSFDs for active vibration 
control of rotors. The HSFD is a damper that has the ability to 
change from a short damper to a long damper and vice-versa 
depending on the position of movable end seals. It was shown 
that using HSFDs is much more effective in controlling rotor 
vibrations than previous strategies of controlling the pressure 
in a conventional SFD. 
Lately, El-Shafei and Hathout (1994) developed a complete 
mathematical model of the HSFD rotor system and its automati-
cally controlled circuit. As a first attempt in controlling HSFDs 
for active control of rotors, the model of the rotor was chosen 
to be simple and was taken as a conventional Jeffcott rotor. An 
on-off control algorithm based on feedback of rotor speed was 
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proposed and was shown by simulation to be quite powerful in 
controlling rotor vibrations. Moreover, the well-behaved tran-
sient and steady-state behavior of the closed-loop system im-
plied that the HSFD can be a very useful device for the active 
control of rotors. 
In order to evaluate the performance of the HSFD and to 
investigate the interaction of the control system with the HSFD 
rotor system, it is required to test the HSFD and the proposed 
speed feedback algorithm in controlling multiple resonances. 
To achieve this, the rotor had to be remodeled to manifest 
multiple critical speeds and their associated modes. This paper 
is concerned with the development of an entirely new model 
for the rotor based on the modal analysis technique. Previously, 
efforts have been done in the modal analysis of linear rotor 
models (Childs, 1974a and b and Gunter et al , 1978). The 
analysis performed in this paper is the use of modal analysis 
for a nonlinear rotor based on linear undamped critical speed 
analysis (Bonneau et al , 1989). This is the basic approximation 
that proves to be quite useful for developing a control algorithm 
for the HSFD, since a simple model is always needed for the 
development of controllers. This approximation involves the 
consideration of the modes of concern and the neglect of other 
modes. In addition, fluid inertia forces were taken into consider-
ation in the modeling of the HSFD which were shown to have 
great influence in the performance of the long damper, but on 
the contrary, have little effect on the short damper mode. The 
open-loop steady-state behavior of the system is studied for 
both the short damper and the long damper configurations. The 
on-off control algorithm based on the running speed attained 
of the rotor was performed on this multiple mode rotor. Both 
the transient and steady-state closed-loop behaviors were tested 
and it was shown again that the HSFD is a powerful and reliable 
device for active control of rotating machinery. 
Development of a Model for the HSFD-Rotor-Control 
System 
The HSFD-rotor-control system consists of a pressure control 
servovalve, the HSFD, and the rotor (El-Shafei and Hathout, 
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1994). The system can be considered as an open-loop system, 
where the current / actuates the servovalve, which in turn con-
trols the pressure in the sealing chamber p, thus controlling the 
position of the sealing rings a, and thus giving the amount of 
damping applied to the rotor. It should be emphasized that the 
HSFD-rotor-control system is nonlinear in nature because of 
the nonlinearity of the SFDs, and that the whole system is 
coupled as shown in the block diagram of Fig. 1(a). Figure 
1(b) shows a schematic of the HSFD used by El-Shafei and 
Hathout(1994). 
Figure 2 shows the rotor-bearing layout and its corresponding 
modes. The shaft is supported by the two dampers at the bearing 
locations. A disk is located midway between the dampers. The 
shaft is driven through a flexible coupling by a high speed DC 
motor. The rotor is sUghtly unsymmetric due to the presence 
of the coupling. The design of the rotor was primarily taking 
into consideration high modal activity at the dampers' location 
to sense the controlling action of the HSFD. Also, an undamped 
critical speed analysis is performed on the rotor without includ-
ing the HSFD using the available program CRITSPD (1987), 
and resulted in 5 undamped critical speeds namely at 1799 rpm, 
3788 rpm, 7619 rpm, 20554 rpm, and 22325 rpm with their 
associated planar modes as shown in Fig. 2. 
Modal analysis is generally implemented to linear systems 
(Childs, 1974a and b and Gunter et al., 1978), but as discussed 
before our system is nonlinear because of the nonlinearity of 
SFDs. Modal analysis is performed on the linear part of our 
rotor model and transferred all nonlinearities to the right-hand 
side of our equations, as will be shown later. This allowed us 
to perform modal analysis for a nonlinear rotor system. The 
major advantage of modal analysis is that we are able to obtain a 
limited set of equations describing the behavior of the designed 
continuous system with the required number of modes mani-
fested. 
The modal analysis is performed based on the rotor data and 
critical speed results. The equation of motion of the shaft-disk-
bearings assembly can be written as 
[M]{x] +[K]{x} = {/J 
[M]{y} + [K][y} = {/,} 
(1) 
(2) 
where [M] represents the mass matrix containing the masses 
of the 30 stations of our designed rotor, [K] is the stiffness 
matrix, {X] and [y] are vectors of the rotor positions at the 
left journal center, the disk center, and the right journal center, 
and the vectors [fx] and {fy ] comprise the damping forces FDU 
and Fori, the inertia forces F/,, and f/„ acting, respectively, on 
the left and right journals, and the unbalance force Fy, acting 
on the disk, / takes the values of either j ; or y. 
Using the modal transformation: 
{x] = [UMq,} 
{y] = [U][qy] 
(3) 
(4) 
where [ U] is the modal matrix comprising the five planar mode 
shapes obtained from the critical speed analysis, and {q^ ] and 
[qy] are the generalized modal vectors in the x and y directions. 
By substituting Eqs. (3) and (4) for {x} and {y] into Eqs. (1) 
and (2), respectively, and by multiplying both equations by 
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Fig. 2 Rotor-bearing layout and its corresponding modes 
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[ U] ^ which is the transpose of the modal matrix, the uncoupled 
equations of motion then become 
and 
(Ml = [uv{fi: 
(5) 
(6) 
where / takes the values of either x or y, [w^] is a diagonal 
matrix with coefficients as the system five natural frequencies 
squared, and {A?,) is the modal force vector. 
The forces acting on both the left and right damper can be 
described as 
^ 'damper;, ^Dji + F„ (7) 
where j takes the values of Z and r for left and right damper, 
respectively, and i takes the values of x and y. 
The damping forces acting at both the left and right journals 
are given by 
Unjyi (8) 
The damping coefficients C„, C^y, C,^, and Cyy for the HSFD 
should reduce to those of the short damper at one extreme and 
to those of the long damper at the other extreme. To incorporate 
the effect of a finite damper in the HSFD model, a simple model 
is used. It consists of a linear combination of the short damper 
model and the long damper model and is due to Holmes and 
Dogan (1985). 
Cy — \Cys + (1 — X.)Cj,7 (9) 
where i and j take the values x and y. \ is a measure of the 
finiteness of the damper, in the sense that if X = 1, at one 
extreme, the damper behaves as a short damper, and if X = 0, 
at the other extreme, the damper behaves as a long damper. 
Nevertheless, X can take any value between 0 and 1, thus it will 
behave as a finite damper. Holmes and Dogan (1985 ) obtained 
experimentally the appropriate value of X the damper they were 
studying, and they were able to show that a damper with an 
end seal at a distance from the end equal to the radial clearance 
c approaches the short damper, and a damper with a closed end 
will approach the long damper. Thus, in our model we take the 
factor X to be equal to the ratio ale, where a is the distance of 
the sealing ring from the end of the damper. 
It should be stressed that the damping coefficients are taken 
as for uncavitated dampers in cartesian frame (El-Shafei and 
Eranki, 1993). The dampers are assumed uncavitated for two 
main reasons. The first reason is that simplicity in modeling is 
necessary at the development stage in the design of the control 
algorithm. The second reason is that cavitation has already been 
introduced in our recent models (El-Shafei et al., 1994) and 
showed very slight difference with the uncavitated case except 
for jump resonance at high levels of unbalance (El-Shafei, 
1990). 
It should be pointed out that our main interest is the effect 
of the damper on the rotor dynamics. Vapor cavitation can be 
important only at high levels of unbalance which results in the 
jump-up phenomenon. Otherwise, gaseous cavitation can also 
affect the response of the rotor (sometimes it is claimed to 
result in a jump-down phenomenon). However, with the supply 
pressure common in aircraft engines, aeration and gaseous cavi-
tation can be reduced, and in our test results (El-Shafei and El-
Hakim, 1995) the effect of gaseous cavitation was not observed 
for a supply pressure of 3 bar (45 psi). Actually, our test-rig 
showed that an uncavitated model was sufficient for the supply 
pressure we used, which is about half the supply pressure com-
monly used in aircraft engine dampers today. 
Up to this point in modeling, the set of equations of motion 
for the rotor-bearing system taking into consideration the damp-
ing effect as nonlinear forces acting externally upon the system 
can be described using modal coordinates, as in Eq. (5). By 
this formulation, we have managed to transfer all nonlinearities 
due to the nonlinear damping coefficients of the damper to 
the right-hand side of the equations and thus performed modal 
analysis on the linear part of the model. This allowed us to 
carry out approximately the modal analysis for a nonlinear rotor 
system. Thus, the model now consists of a set of uncoupled 
second-order differential equations that can be easily integrated 
numerically. 
In effect, the approach we have taken can be thought of as 
a complete modal analysis of the rotor alone, which is perfectly 
legitimate since the rotor is linear, and after obtaining the uncou-
pled modal equations, the nonlinear damper is introduced di-
rectly in the modal coordinates; thus we obtain a set of uncou-
pled nonlinear differential equations representing the continu-
ous rotor system. This set of nonlinear differential equations 
can be used both for the simulation of the multi-mode rotor, 
and for the development of the control algorithm. 
The fluid inertia forces acting on the journals were evaluated 
before by El-Shafei and Crandall (1991) and showed to be 
proportional to the usual radial, centripetal, tangential, and Cori-
olis accelerations of the journal plus an additional nonlinear 
acceleration. These five components, which form the inertia 
forces, have coupled our system again since they are propor-
tional to the acceleration of system in both x and y directions. 
The fluid inertia forces are given by 
cos ip — sin i// 
sin i// cos i// (^/,tangenti.ll J 
where 
/̂.radial = - M „ a d e - M, „„„ M,,a„ei// 
e 
- Mrco<2eiij + M,ce„ei/'' ( H ) 
^/.tangential - -Mna^e - M,„o„ M„a„e4l 
e 
- M,c„r2ei/y - MceneiA' (12) 
where ip is the angle of circular whirl at the damper. Mmd, A/no„, 
Man, McoT, and Mcen are the inertial coefficients in both radial 
and tangential directions (El-Shafei and Crandall, 1991). These 
inertial coefficients are dependent on the inertia parameter of 
the damper M which can take the value M, in the short damper 
case at one extreme, M/ in the long damper case at the other 
extreme, or any finite value between both M, and M,. As dis-
cussed before for the case of damping coefficients in Eq. (9) , 
the damper can act between two extremes which are both the 
long damper and short damper modes. A simple linear relation 
can permit the damper to act as a finite damper and sense the 
right amount of inertia according to the position of the sealing 
ring (i.e., the value of X). This linear relation can be described 
as 
M = XM, + (1 - X)M, (13) 
The introduction of the inertia forces has coupled the set of 
modal equations (5) , since these forces are proportional to the 
acceleration of the system in both q^ and qy directions. The set 
of equations will have the form 
[M,.]{^-,.} +{uj^][q;) = INr (14) 
To overcome the coupling introduced by the inertia force param-
eters in the matrix [M,], we thought of transferring the inertia 
forces to the right-hand side as done before in the case of the 
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damping forces, but we encountered some difficulties since the 
values of the accelerations of q^ and qy are not evaluated at each 
integration step. Therefore, in order to perform modal analysis 
on the linear part of the system and transfer all nonlinearities 
due to inertia forces to the right-hand side, we had to solve 
the set of Eqs. (14) for the vector [qi ] algebraically at each 
integration step. Hence, Eq. (14) is put in the form 
[M,]{4f-,} = [W. (15) 
where {bi} denotes the right-hand side known vector. Equation 
(15) consists of a set of linear algebraic equations tiiat are 
solved for {qt) at each step of integration and hence the values 
of the nonlinear inertia forces can be evaluated. Thus again, as 
in the damping forces case, modal analysis is performed on the 
linear part of the system. 
The unbalance forces acting on the disk in both the x and y 
directions are 
Fux = muU^ cos fif — mua sin Q,t (16) 
Fuy = muQ} sin fif -I- mua cos Of (17) 
where u denotes the unbalance of the disk, m is the mass of the 
disk, n is the rotational speed, a is the rotor angular accelera-
tion, and t is the time in seconds. 
It is desirable to nondimensionalize the above equations be-
fore adding them to the rest of the model developed by El-
Shafei and Hathout (1994) that describes the rest of the system 
comprising the sealing ring dynamics and the servovalve char-
acteristics. To nondimensionalize the governing equations of 
the rotor-disk-bearings system, the same nondimensionalized 
parameters used in El-Shafei and Hathout (1994) are imple-
mented. Nondimensionalization is preferred, because nondi-
mensional equations are less prone to numerical difficulties 
since the parameters and variables are scaled, and also the non-
dimensionalization results in a reduced number of parameters 
and generalizes the analysis. 
Simulation of the Behavior of the Open-Loop Control 
System 
To simulate the behavior of the open-loop system, the equa-
tions developed in the previous section describing the dynamics 
of the complete open-loop system are implemented on a digital 
computer. In order to simulate this model, the most convenient 
and robust integration technique is the Runge-Kutta 4 method. 
An in-house package developed by the authors is used in the 
simulations described in this section. The step used is 0.005 
and showed to be suitable. It should be emphasized that in 
order to overcome the coupling in the equations of motion (14) 
caused by the introduction of the fluid inertia forces which 
are proportional to both accelerations in x and y directions as 
explained in the previous section, we solved the set of linear 
Eqs. (15) by the Gaussian Elimination method at each integra-
tion step. This solution was performed using the LSARG routine 
from the IMSL library. This allowed us to perform modal analy-
sis on a nonlinear system by transferring all nonlinearities to 
the right-hand side of the set of equations and perform modal 
analysis on the linear part. 
The parameter values for the HSFD and the servovalve used 
in the simulations are taken as in El-Shafei and Hathout (1994). 
In addition, the inertia parameter for the short damper mode Ms 
is taken 0.1266 and simulations are performed for a nondimen-
sional unbalance of f/ = 0.1. These nondimensional parameters 
correspond to the rotor, the HSFD, and the test rig built at Cairo 
University. The HSFD parameters were chosen such that the 
long damper will be effective in suppressing the critical speeds. 
For the same dimensions, a short damper will be much less 
effective since it induces less damping to the system than the 
long damper and thus gives us a wide range of damping to the 
HSFD. This is a good design methodology and will result in a 
quite large clearance for the damper. This is not a drawback 
since the damper will be effective as a high load damper too. 
In all simulations shown in this section, the initial conditions 
were taken as: X. = 1, ^j = 0.01 (i takes the values of x and 
y), and all other variables equal to zero. 
The open-loop steady-state behavior of the system is ana-
lyzed. The eccentricity ratio for both right and left dampers, ê  
and E;, respectively, the vibration amplitude of the rotor center 
r, and the transmitted damper force at both right and left bear-
ings Fr and F; (which is defined as the ratio as the damping force 
to the unbalance force) are studied versus the nondimensional 
rotational speed S7* (which is defined as the ratio of the rota-
tional speed n to the first natural frequency). Figure 3 shows 
the steady-state behavior of both the short damper and the long 
damper for an unbalance [/ = 0.1. It can be clearly seen from 
both Figs. 3(a) and (b), which describe respectively the steady-
state behavior of e, and eh, that the short damper and the long 
damper exhibit completely distinct behaviors. Also, it can be 
easily seen that there are obvious differences in the profiles of 
the curves between the left and the right dampers for the same 
damper mode. This is because the rotor is unsymmetric as ex-
plained before in Fig. 2. 
The short damper mode exhibits mainly five modes as judged 
from both Figs. 3(a) and (b). Mainly three modes are accentu-
ated in both damper sides and are at nondimensional rotational 
speed of fJ* = 1,4 and 11 approximately. These modes corre-
spond to the first, the third and the fourth mode of the critical 
speed analysis performed before (see Fig. 2). The second mode 
is well damped and can be clearly evidenced in both Figs. 3(a) 
and (b) at fj* = 2.1 approximately, while the fifth mode which 
should appear at fi* = 12.4 approximately is highly attenuated 
in both sides. 
The long damper mode, as illustrated in Fig. 3, reveals a 
drastic change in the profile of the curve. The first mode is 
shifted to Q,* = 0.9 approximately and is highly damped, the 
second mode is highly damped too. The third mode is shifted 
to fJ* = 2 approximately and is accentuated due to fluid inertia. 
Both the fourth and fifth modes are well damped, and an addi-
tional very accentuated mode is seen at fl* = 10.2 approxi-
mately, and is probably caused by the shifting of higher modes 
due to fluid inertia effects. These sensitive changes in the long 
damper configuration are due to the relatively high long damper 
inertia parameter, Mi = 0.285 (El-Shafei, 1991a). No significant 
effects appeared in the short damper mode due to the relatively 
low short damper inertia parameter, M., = 0.1266 (El-Shafei, 
1990). 
Figures 3(a) and (b) show that the eccentricity behavior is 
always better in the long damper mode except when the spikes 
appear due to fluid inertia in the long mode. Figure 3(c) shows 
the same behavior. On the other hand. Figs. 3(d) and (e) show 
that the transmitted short damper force is always less than the 
long damper force. 
Control Algorithm Development Based on Rotor 
Speed Feedback 
To develop an active control algorithm for the HSFD, it is 
anticipated that an adaptive control algorithm will be required 
to achieve the full capabilities of the HSFD in giving the right 
amount of damping required to dampen the rotor vibrations. 
Currently, we are making hard efforts to investigate all possibili-
ties of actively controlling the HSFD and we' beUeve that a 
good algorithm that actively controls the HSFD and exploits its 
full capabilities in providing variable amounts of damping is 
not far from being reached. However, as shown before by El-
Shafei and Hathout (1994), simplicity is a major advantage in 
control system development and we would like to compliment 
the investigation of the previously proposed algorithm that re-
lied on two levels of damping: the short damper configuration 
and the long damper configuration. Depending only on two 
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Fig. 3 The open-loop behavior of the left, right damper, disk center and the transmitted force 
modes of damping, an on-off controller was designed to actively 
switch between them and give the required level of damping at 
the required time. This algorithm, despite its simplicity, proved 
to be very efficient and gave an overall enhanced behavior of 
the steady-state history of the rotor. Moreover, It can be shown 
(Burrows et al., 1983) that for some rotors, only two damping 
levels are sufficient to control the behavior of the rotor-bearings 
system. 
Basically, the control algorithm proposed herein requires the 
accurate determination of the critical speeds of the rotor before 
the implementation of the algorithm. The controllable HSFD is 
then designed to provide distinctly different damping capacities 
for the rotor bearing system based on extensive simulation. A 
proposed HSFD design procedure is discussed by El-Shafei and 
Hathout (1994). The nonlinear unbalance responses for the two 
levels of damping provided by the HSFD are also required. In 
this case, the basic assumption is the validity of the modal 
analysis approach as presented for the nonlinear system. It is 
also assumed that the unbalance force is the only force applied 
to the system. Based on the unbalance response, the speeds at 
which it is desirable to use the short damper mode and those 
for which the long damper mode is desirable are determined. 
The control algorithm is then simply based on measuring the 
rotor speed and controlling the HSFD to provide the long 
damper mode at the critical speeds and the short damper mode 
away from the critical speeds. This algorithm was implemented 
experimentally by El-Shafei and El-Hakim (1995) and proved 
to be successful in demonstrating the concept of the on-off 
control for a single mode rotor. Other control algorithms are 
also being developed based on the transient behavior of the 
rotor. 
It can be seen from Fig. 3, which illustrates the steady-state 
behavior of the open-loop system, that the behavior of the rotor 
system is speed dependent, and that both modes, the short 
damper and the long damper, are behaving distinctly different. 
Thus, it is proposed that in order to design a good on-off control-
ler, the best feedback law deduced for the closed-loop system 
is based on the feedback of rotor speed. This active on-off 
controller can thus be activated at specific rotor speeds at the 
desired damping level and for the necessary speed range. This 
algorithm is quite attractive due to its ease in application since 
only one variable is needed for feedback which is the rotor 
speed, and according to Fig. 3 it is clear that the feedback on 
speed would be quite effective in improving rotor behavior. 
However, this feedback law would require the pre-knowledge 
of the system behavior. This is not considered to be a serious 
drawback since usually a meticulous analysis of the system 
critical speeds is performed beforehand, and thus can be easily 
programmed into the on-off controller. It should be emphasized 
that feedback based on oil temperature (sensed by a thermocou-
ple) in the damper clearance can also be used in our current 
experimental test rig. This can be very useful especially in the 
long damper configuration, since the oil is trapped in the damper 
and the heat generated will increase the temperature of the 
oil and hence will decrease the fluid viscosity. This is highly 
undesirable, and thus the feedback law can momentarily switch 
to the short damper configuration when needed, thus flooding 
the damper with new oil and cooling it. 
To apply the simple active control algorithm based on speed 
feedback to the system described in this paper, let us study the 
steady-state behavior in Fig. 3. To overcome the first critical 
speed which is quite large in the short damper case, the damper 
is chosen to operate in the long damper mode from rest until 
f]* = 1.5, thus benefiting from the larger damping provided by 
the long damper in this region. At fi* = 1.5, the system is 
switched to the short damper mode to take advantage of the 
smaller damping force of the short damper mode in a region of 
mild vibration. Note that the damping force is always greater 
in the long damper mode than in the short damper mode, espe-
cially in two regions from rest to n* = 3.5 approximately, and 
from n* = 9.5 to Jl* = 11 approximately; thus in nonresonant 
regions one should benefit from the smaller force of the short 
damper mode. The system is chosen to run in the short damper 
mode until a speed of Q* = 3, beyond which an increase in 
the amplitude of vibration occurs as shown in Figs. 2(a) and 
(b). Thus, at n* = 3 the system is switched to the long damper 
mode to overcome the region of high vibration which extends 
until n* = 6, with the penalty of having a slightly higher 
damping force than in the short damper. Once the high ampli-
tudes of vibration are bypassed and replaced by the smaller 
amplitudes of the long damper mode, the system is preferred 
to act in the short damper to avoid excess damping force on 
the bearings. Therefore, the system runs in the short damper 
mode in the region from O* = 6 to fi* = 10.8 to decrease the 
damping force on the bearings while in a region of moderate 
vibration and also to overcome the serious spike induced from 
inertia effects, at fi* = 10 approximately, in the long damper 
mode. At 0* = 10.8, once again the system is switched to the 
long damper mode to overcome the last critical speed until Q* 
= 13 and then the system is switched to the short damper mode. 
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Fig. 4 The closed-loop behavior of the left, right damper, disk center and the transmitted force 
Figure 4 shows the closed-loop steady-state behavior of the 
controlled system. There is no doubt that the closed-loop shows 
a remarkably improved behavior and this shows the power of 
the proposed on-off controller based on speed feedback. 
The transient behavior of the closed-loop system is also in-
vestigated to fully evaluate the capabilities of the proposed 
control strategy. The transient behavior in the control action is 
studied for e„ e,, r, F;. and F, at each switching speed. Figures 
5, 6, 7, 8, and 9 illustrate the transient response during the 
control action at f2* = 1.5, 3, 6, 10.8, and 13, respectively. It 
should be noted that the time scale in all the time simulations 
is in nondimensional time T which is defined as the product 
uj, where w„ is the rotor first natural frequency and t is the 
time in seconds. Thus a unity on the time axis in the plots will 
represent 5.3 milliseconds. An overall study of the transient 
response of the closed-loop system shows that our system is 
quite a success since the response is fast, stable, and accurate. 
While switching from the long mode to the short mode at fi* 
= 1.5, in Fig. 5, some oscillations persist for a small time of 
about 0.95 seconds for g;, e, and r due to low damping of the 
short damper mode. While switching from short to long at fi* 
= 3, in Fig. 6, the system immediately switches to the long 
damper mode in less than 0.13 seconds with no sensitive oscilla-
tions, and shows a well-behaved response due to larger damping 
in the long damper mode. The rest of the Figs. 7 to 9 show a 
graphical display of the transient behavior of the system at 
the different switching speeds which complement the issues 
discussed in both Figs. 5 and 6, in showing a fast, stable, and 
well-behaved transient response of the closed-loop system. 
Therefore, the active on-off control algorithm based on rotor 
speed feedback results in enhanced performance both in its 
transient and steady-state responses. 
Conclusion 
In this paper, the control of hybrid squeeze film dampers 
(HSFDs) for actively controlling multi-mode rotors is devel-
oped. A complete mathematical model of the HSFD-rotor-con-
trol system was developed according to the currently existing 
control system at Cairo University and was implemented on a 
digital computer. Modal analysis was implemented in the dy-
namic analysis of the squeeze film damper supported rotor in 
a novel and unique manner of performing modal analysis on 
nonlinear rotor systems. The approach used in performing 
modal analysis in this paper is believed to be a new addition 
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Fig. 5 The transient response of e,, e ,̂ r, F,, and Fr from long to short damper mode at S7* = 1.5 
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Fig. 6 The transient response of e,, Sr, r, Fi, and Fr from short to iong damper mode at O* = 3.0 
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Fig. 8 The transient response of e,, E„ r, F,, and F, from short to long damper mode at fJ* = 10.8 
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Fig. 9 The transient response of e,, e„ r, F,, and Fr from long to short damper mode at n* = 13 
analysis performed in this paper is the use of modal analysis 
for a nonlinear rotor based on linear undamped critical speed 
analysis. This is an approximation that proves to be quite useful 
for developing a control algorithm for the HSFD since a simple 
model is always needed for the development of controllers. This 
allowed us to model any number of modes and hence to test 
the capability of the HSFD to control multiple modes. Also, 
fluid inertia forces were considered in our model for the HSFD 
due to their influence in changing the behavior of the damper 
(El-Shafei and Crandall, 1991), especially in the long damper 
configuration in our case. Finally, based on the feedback on 
speed and using two levels of damping (the short damper and 
the long damper modes), an on-off active control system was 
investigated from both steady state and transient points of view. 
We concluded that such feedback requires the pre-knowledge 
of the system critical speeds which are usually known before-
hand while the rotor is designed. The most attractive issues of 
this control strategy are both the simplicity and the efficiency 
it provides. The control system is simple since only a feedback 
on rotor speed is needed to actively control the rotor, and the 
control system is efficient since the closed-loop behavior 
showed an overall enhanced behavior for the multi-mode rotor 
system in both steady-state and transient behavior. 
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